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Abstract 51 
Aquaculture facilities are a potential source of antibiotics to the aquatic ecosystems. The 52 
presence of these compounds in the environment may have deleterious effects on non-53 
target aquatic organisms such as microalgae, which are often used as biological 54 
indicators of pollution. Therefore, the toxicity induced by chloramphenicol (CHL), 55 
florphenicol (FLO) and oxytetracycline (OTC), three antibiotics widely used in 56 
aquaculture, on the marine microalga Tetraselmis suecica was evaluated. Growth 57 
inhibition and physiological and biochemical parameters were analysed. All three 58 
antibiotics inhibited growth of T. suecica with 96 h IC50 values of 11.16, 9.03 and 17.25 59 
mg L-1 for CHL, FLO and OTC, respectively. After 24 hours of exposure no effects on 60 
growth were observed and cell viability was also unaffected, whereas a decrease in 61 
esterase activity, related with cell vitality, was observed at the higher concentrations 62 
assayed. Photosynthesis related parameters such as chlorophyll a cellular content and 63 
autofluorescence were also altered after 24 hours of antibiotics addition. It can be 64 
concluded that T. suecica was sensitive to the three antibiotics tested. 65 
 66 
Keywords: antibiotics, cell activity, cell viability, growth inhibition, microalga, 67 
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1. Introduction 100 
The anthropogenic activity is a constant threat to the stability of aquatic ecosystems, 101 
since they are a sink for many chemicals that can have a direct effect on the aquatic 102 
organisms. 103 
Aquaculture is a growing industry in response to the dramatic global population growth 104 
and the increasing demand for food. As a result of the activities in the aquaculture 105 
facilities, effluents containing a complex mixture of chemical compounds as 106 
disinfectants, antifouling substances, anesthetics or antibiotics are generated and these 107 
compounds may reach aquatic ecosystems. 108 
Infectious diseases are the main cause of the economic losses in aquaculture and have 109 
become a limiting factor for its development (Blanco et al., 2004). Therefore, the use of 110 
antibiotics has been essential to prevent the spread of pathogenic bacteria. Antibacterial 111 
agents are used as prophylactic and therapeutic tools to prevent or combat pathogens 112 
and their overuse may cause several adverse effects for the human and animal health 113 
and for the environment (Cabello, 2006). Medicated feeds are the main route of drug 114 
administration in fish because of their low cost and their easy use, but a considerable 115 
portion of the administered food may be not eaten or absorbed by fish (Burka et al., 116 
1997). In mollusc hatcheries, antibiotics are usually applied directly into the water. In 117 
both cases, these substances, eventually reach the environment and this may result in 118 
adverse ecological effects (Carballeira et al., 2012). In addition, antibiotics are 119 
molecules commonly used in both human and veterinary medicine and, in the last years, 120 
they have been considered emerging environmental micropollutants (Aminov, 2010; 121 
Kümmerer, 2009).  122 
Although recorded environmental levels of antibiotics are usually low in waters (at ng 123 
L-1 to µg L-1) (Gulkowska et al., 2007; Isidori et al., 2005; Xu et al., 2007) these drugs 124 
are considered “pseudopersistant” contaminants due to their continued release into the 125 
environment and their permanent presence (Hernando et al., 2006). The presence of 126 
antibiotics in the environment may also have deleterious effects on non-target aquatic 127 
organisms such as microalgae. In certain studies, using aquatic organisms of different 128 
trophic levels, it has been found that the toxicity of antibiotics is, in general, higher to 129 
cyanobacteria, probably due to their prokaryotic nature, than to unicellular eukaryotic 130 
primary producers as microalgae (González–Pleiter et al., 2013; Halling–Sørensen, 131 
2000). Among eukaryotic organisms, multicellular species are in general less sensitive 132 
than unicellular microorganisms (Ferreira et al., 2007; Migliore et al., 1997; 133 
Wollenberger et al., 2000). Microalgae play a very important role in the aquatic 134 
ecosystems because they are the primary producers and any effect on them could affect 135 
higher trophic levels (Campanella et al., 2001; Rioboo et al., 2007). Microalgae have 136 
been recommended as test organisms because of their ecological relevance, sensitivity 137 
and because they are easily cultivated in the laboratory. For these reasons, these 138 
organisms are commonly used as biological indicators of pollution in ecotoxicological 139 
studies (McCormick and Cairns, 1994; Prado et al., 2009b).  140 
The response of microalgae to a toxic substance is typically measured using population-141 
based parameters, such as specific growth rate, biomass, pigment content or chlorophyll 142 
a fluorescence (Couderchet and Vernet, 2003; DeLorenzo and Fleming, 2007; Geoffroy 143 
et al., 2007; Nestler et al., 2012). The development of markers based on the 144 
physiological response of living organisms can accelerate the delivery of biological data 145 
and analyse the risk associated with environmental release of potentially polluting 146 
compounds. In this regard, several studies have shown that flow cytometry (FCM) is an 147 
effective tool in toxicological research (Cid et al., 1996a; Franklin et al., 2001; 148 
Franqueira et al., 1999; Prado et al., 2012a; Prado et al., 2012b; Rioboo et al., 2002). 149 
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FCM is an alternative to the standard algal population based endpoints, since it allows a 150 
rapid and quantitative measurement of individual algal cells responses to toxic stress. 151 
Using this technique, simultaneous measurements of multiple cellular parameters are 152 
made separately on each cell within the suspension, near in vivo conditions, and not just 153 
as average values for the whole population (Prado et al., 2009a). 154 
The aim of the present study was to evaluate the potential toxic effect of three 155 
antibiotics, chloramphenicol (CHL), florphenicol (FLO) and oxytetracycline (OTC), on 156 
the marine microalga Tetraselmis suecica. This species has a wide distribution along the 157 
Galician coast and is frequently used in aquaculture as food in the early larval stages of 158 
mollusks, fish and crustaceans (Fábregas et al., 2001). The antibiotics used in this study 159 
were selected also based on their use in aquaculture. All of them are broad-spectrum 160 
antibiotics widely used in aquacultural practice as antimicrobial agents to control 161 
diseases. CHL has been commonly used in hatcheries to control microbial growth in 162 
larval cultures (Uriarte et al., 2001). OTC and FLO antibiotics are frequently used for 163 
the treatment of the major bacterial pathologies affecting Spanish fish farming like 164 
vibriosis, redmouth disease, furunculosis or pasteurellosis (Blanco et al., 2004). Their 165 
mechanism of action is related with the inhibition of protein synthesis. CHL and FLO 166 
are antibiotics that bind to the 50S subunit of bacterial ribosomes, preventing the 167 
transfer of amino acids to extending peptide chains and subsequent protein formation 168 
(Marconi et al., 1990). OTC belongs to the tetracycline antibacterial group. This 169 
antibiotic binds to the 30S ribosomal subunit and blocks the A site, preventing the 170 
binding of amino-acyl tRNAs, thus blocking the first step of the elongation phase 171 
(Chopra & Roberts, 2001).  172 
We hypothesize that the presence of these antibiotics may cause alterations on non-173 
target organisms and could have harmful effects on the environment. To demonstrate 174 
this, microalgal cells were exposed to different concentrations of each drug. Growth 175 
inhibition, a classical parameter in ecotoxicological studies, was determined during 96 176 
h. Other physiological and biochemical parameters were analysed after 24 h to detect 177 
early alterations in the microalgal cell physiology. These parameters were relative cell 178 
size changes, cell viability and activity and chlorophyll a autofluorescence and cellular 179 
content. 180 
 181 
2. Materials and methods 182 
 183 
2.1. Microalgal cultures 184 
The marine microalgal species used in the present work, Tetraselmis suecica (Kylin) 185 
Butch (Prasynophyceae), was obtained from the Culture Centre of Algae and Protozoa 186 
(Cambridge, U. K.) and was isolated from Dr. Fábregas, University of Santiago 187 
(Fábregas, 1982). 188 
T. suecica was maintained in filtered (pore size: 5 µm) and autoclaved (121 °C, 20 min) 189 
seawater enriched with Algal-1 medium (Herrero et al., 1991), at 18 ± 1 °C, illuminated 190 
with 68.25 µmol photon m−2 s−1 with a dark:light cycle of 12:12 h and continuous 191 
aeration with filtered atmospheric air (Millipore Millex FG filters of 0.20 µm). 192 
Batch cultures were carried out to evaluate the potential toxic effects of antibiotics on 193 
the microalga T. suecica. Toxicity tests were conducted in Kimax glass tubes containing 194 
45 mL of culture. The medium and culture conditions were the same as the used for 195 
maintaining the algae. Cells from a 3-day-old culture, growing in a logarithmic phase, 196 
were used as inoculum for all experiments. Initial cell density for each experiment was 197 
5 × 104 cells mL−1. All cultures were carried out in triplicate, being antibiotics tested in 198 
three independent experiments and each one was carried out with three biological 199 
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replicates. Since a change in the pH of the culture could modify the toxicity of the 200 
antibiotics or alter the growth of the microalga, it was ensured that pH did not change 201 
significantly by daily measurements. Registered pH values were between 8.4 and 8.6. 202 
 203 
2.2. Chemicals 204 
The antibiotics were purchased from Sigma Aldrich. The purity of each antibiotic was 205 
higher than 95%. Stock solutions were made in distilled and sterilized water and then 206 
were filtered (pore size: 0.20 µm). These solutions were freshly prepared before each 207 
experiment. Four concentrations were tested for each test substance (2.5, 5.0, 7.5 and 10 208 
mg L-1). This range covers the concentrations used in aquaculture for the three 209 
antibiotics. In addition to these, cultures without antibiotic were also included as a 210 
control. 211 
 212 
2.3. Flow cytometric determinations 213 
FCM analysis of T. suecica cells was performed in a Gallios flow cytometer (Beckman 214 
Coulter Inc.) equipped with an argon-ion excitation laser (488 nm), detectors of forward 215 
(FS) and side (SS) light scatter and four fluorescence detectors corresponding to four 216 
different wavelength intervals: 505–550 nm (FL1), 550–600 nm (FL2), 600–645 nm 217 
(FL3) and > 645 nm (FL4). To exclude non-algal particles, chlorophyll-a fluorescence 218 
was used, and red fluorescence histograms (> 645 nm) were used as a gate. 219 
 220 
2.3.1. Cell density 221 
Cellular density was determined every 24 hours during the 96 hours of the test for each 222 
treatment and for the controls. Each of the three biological replicates was sampled once. 223 
Growth of microalgal cultures was measured by counting daily culture aliquots in the 224 
flow cytometer using a suspension of fluorochrome-containing microspheres for its 225 
calibration (Flow Count Fluorospheres, Beckman Coulter Inc.).  226 
Growth rates (µ), expressed as day-1, were calculated using the following equation: 227 
µ = [ln(Nt) - ln(N0)] / ln2 (t-t0) 228 
where Nt is the cell density at time t and N0 is the cell density at time 0. 229 
Growth inhibition was determined by comparing the cell density of the treated cultures 230 
with the cell density of the control cultures (zero inhibition). 231 
 232 
2.3.2. Relative cell size 233 
Cultures were analysed by flow cytometry to study potential alterations in cell size after 234 
24 h of exposure to each pollutant. Forward light scatter (FS) is related to cell size or 235 
volume and FS intensity increases with the increase of cell cross-sectional area 236 
(Mullaney et al., 1969). At least, 5 x 103 cells for sample were analysed and data were 237 
presented as FS arbitrary units (a.u.). 238 
 239 
2.3.3. Cell viability 240 
Cell viability was estimated using the fluorescent emission of cells stained with 241 
propidium iodide (PI). PI is a fluorescent dye that intercalates with double stranded 242 
nucleic acids to produce red fluorescence when excited by blue light. Because of its 243 
polarity, it is unable to pass through intact cell membranes; however, when a cell dies 244 
the integrity of the cell membrane fails, and PI is able to enter and stain the nucleic 245 
acids. In this way, PI can be used to discriminate between viable non-fluorescent cells 246 
(PI-) and non-viable fluorescent cells (PI+) (Cid et al., 1996b; Prado et al., 2009a). 247 
PI-derived fluorescence was detected in FL3 detector (600 – 645 nm) in a logarithmic 248 
scale. This assay was performed following the method described by Prado et al. (2009a) 249 
ACCEPTED MANUSCRIPT
6 
 
using aliquots of 5 x 103 cells mL-1. At least 104 cells were analysed per culture. Results 250 
were obtained as the percentage of viable cells versus the total amount of analysed cells. 251 
 252 
2.3.4. Metabolic activity 253 
Metabolic activity was studied using a fluorescein diacetate-based cell esterase activity 254 
assay, which has been reported as a sensitive and rapid technique to assess 255 
phytoplankton metabolic activity (Jochem, 2000; Peperzak and Brussaard, 2011). 256 
Fluorescein diacetate (FDA) is a non-polar, non-fluorescent lipophilic molecule that 257 
freely diffuses across cell membranes. Inside the cell, non-specific esterases break the 258 
FDA molecule into one brightly fluorescing fluorescein and two acetates. Due to its 259 
high polarity, the fluorescein is trapped within cells exhibiting intact plasma 260 
membranes. Therefore fluorescence intensity will increase depending on the metabolic 261 
activity of those esterases. 262 
Since fluorescein is accumulated by active cells, metabolic activity can be measured by 263 
means of the fluorescent intensity signal emitted by cells, which is proportional to the 264 
amount of accumulated fluorescein and the time elapsed (Prado et al., 2009a).  265 
Comparing any differences in the fluorescence emitted by metabolically active cells 266 
(FDA+), it is possible to detect changes in cell activity. 267 
FDA-derived fluorescence was detected in FL1 detector (505 – 550 nm) in a 268 
logarithmic scale. This assay was performed following the method described by Prado 269 
et al. (2009a) using aliquots of 5 x 103 cells mL-1 and the FDA at a final concentration of 270 
0.4 µg mL-1. At least 104 cells were analysed per culture. Results are expressed as the 271 
mean fluorescence value (a.u.) of metabolically active cells population (FDA+) that is 272 
related with the cell activity. 273 
 274 
2.3.5. Chlorophyll a autofluorescence 275 
T. suecica presents natural fluorescence due to the presence of chlorophyll a and other 276 
accessory pigments. Chlorophyll a is excited by blue light at 488 nm and emits 277 
fluorescence in the range of 680-720 nm (red fluorescence) which is collected by the 278 
FL4 detector. Therefore this parameter is studied directly from cell suspensions without 279 
using any fluorochrome. A minimum of 5 x 103 cells were analysed and the mean 280 
fluorescence value (a.u.) of the cell population was calculated. 281 
 282 
2.4. Spectrophotometric determination of chlorophyll a 283 
The chlorophyll a content of T. suecica was analysed by spectrophotometry. Cells were 284 
collected by centrifugation of culture aliquots at 8000 g and 4 ºC for 20 min. Pigments 285 
were extracted in 90% acetone in the dark at 4 ºC during 24 hours. Then, samples were 286 
centrifuged again. The supernatant, which contains cell pigments, was decanted off to 287 
read the absorbances and the pellet was discarded. Absorbances were read at 664 and 288 
647 nm on the spectrophotometer. The chlorophyll a concentration was calculated using 289 
the following equation (Jeffrey and Humphrey, 1975): 290 
Chlorophyll a = 11.93 A664 – 1.93 A647 291 
where Chlorophyll a represents the concentration in µg mL-1; A664 and A647 are the 292 
absorbances read at 664 and 647 nm respectively. 293 
 294 
2.5. Data analysis 295 
Mean and standard deviation values of the three biological replicates were calculated for 296 
each treatment and for the control. In all cases, data are given as mean values ± standard 297 
deviation of the mean. 298 
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To determine significant differences among test concentrations, data were statistically 299 
analysed by an overall one-way analysis of variance (ANOVA) using IBM SPSS 300 
Statistic 21.0.0 software. A p-value < 0.05 was considered statistically significant. When 301 
significant differences were observed, means were compared using the multiple-range 302 
Duncan test at a level of significance of 0.05 (p < 0.05). 303 
IC50 values were calculated using linear regression analysis of the logarithm of 304 
antibiotic concentration versus percentage of inhibition. 305 
 306 
3. Results 307 
 308 
3.1. Growth 309 
In general, the antibiotics assayed showed inhibitory effects on the growth of 310 
Tetraselmis suecica (Fig. 1). The presence of the antibiotics tested in the culture 311 
medium significantly (p < 0.05) affected cell division of T. suecica and this negative 312 
effect on growth was concentration-dependent (p < 0.05). However, in the case of OTC 313 
growth was slightly enhanced at the lowest concentration assayed (2.5 mg L-1) and no 314 
significant differences were found between control and cultures exposed to 5 mg L-1. 315 
After 96 h of exposure to antibiotics, cultures exhibited growth rates (µ) lower than 316 
control, and these growth rates decreased as the antibiotic concentration increased 317 
(Table 1). Statistical analysis showed a significant reduction (p < 0.05) in growth at 318 
concentrations equal or higher than 2.5 mg L-1 for CHL; 5 mg L-1 for FLO and 7.5 mg 319 
L-1 for OTC (Table 1). The highest concentration assayed (10 mg L-1) of CHL and FLO 320 
caused the maximum decrease in growth rate detected in this assay with 36.8 and 36.6 321 
% less than the control, respectively; whereas the highest concentration of OTC caused 322 
the minimum decrease detected in growth rate, with 23.9 % less than the control. IC50 323 
values of CHL, FLO and OTC determined after 96 h were 11.16, 9.03 and 17.25 mg L-1 324 
respectively. Based on the IC50 values obtained, the antibiotics can be ranked according 325 
to toxicity level as follows: FLO > CHL > OTC. 326 
 327 
3.2. Relative cell size 328 
After 24 h of exposure, the presence of the antibiotics tested in culture medium caused a 329 
decrease in the FS signal, related to a decrease in the cell volume of T. suecica. Relative 330 
cells size significantly (p < 0.05) decreased as antibiotic concentration increased (Fig. 331 
2). At the highest concentration tested (10 mg L-1), CHL and OTC substantially reduced 332 
relative cell size with respect to control cells, but the most drastic decrease in relative 333 
cell size was detected with FLO. 334 
 335 
3.3. Cell viability 336 
Cell viability in T. suecica cultures assayed by FCM was not significantly (p < 0.05) 337 
affected by the addition of these three antibiotics tested to the medium. None of the 338 
antibiotics assayed, even at the highest concentration tested, affected cell viability of T. 339 
suecica, that remained close to 100% for all antibiotic concentrations assayed (data not 340 
shown). Cell membranes were not altered and therefore, cells remained viable 341 
throughout the duration of the test. 342 
 343 
3.4. Metabolic activity 344 
After 24 h of exposure, the cell activity was significantly affected by antibiotics in a 345 
concentration-dependent way, except for CHL (p < 0.05). The lowest concentration 346 
assayed of FLO significantly (p < 0.05) reduced the cell activity of T. suecica, whereas 347 
the highest concentrations of OTC (7.5 mg L-1 and 10 mg L-1) showed a significant (p < 348 
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0.05) reduction in cell activity. Furthermore, a non-significant (p < 0.05) elevation of 349 
activity at 2.5 mg L-1 of OTC was detected (Fig. 3). 350 
 351 
3.5. Chlorophyll a 352 
Since differences in cellular volume of the different treatments were observed, 353 
chlorophyll a autofluorescence is expressed corrected by relative cell size (ratio 354 
FL4/FS), thereby avoiding autofluorescence variability due to differences in relative cell 355 
volume (Fig. 4). After 24 h, cultures exposed to the antibiotics showed a significant (p < 356 
0.05) increase in the values of the autofluorescence. As drug concentration increased, 357 
the intensity of the fluorescence also increased. All three antibiotics enhanced the 358 
intensity of the autofluorescence emitted, but the most relevant increase was obtained in 359 
the presence of FLO and CHL. Chlorophyll a content was also affected by the presence 360 
of antibiotics in the culture medium. All antibiotic treatments significantly (p < 0.05) 361 
reduced pigment cell content compared to control cultures, except for the OTC at 2.5 362 
mg L-1 (Fig. 5). At the highest concentration assayed, the amount of chlorophyll a per 363 
cell was reduced in a 45 % in the presence of CHL, 22 % for FLO and 35 % for OTC 364 
relative to the control cultures. 365 
 366 
4. Discussion 367 
In the last years, pharmaceuticals have been receiving an increasing attention regarding 368 
their potential harmful effects on the environment (Halling-Sørensen et al., 1998). In 369 
particular, antibiotics are of particular concern for marine ecosystems since they are 370 
extensively used in aquaculture and they also may reach the environment by other ways 371 
such as urban and industrial effluents (Migliore et al., 1997; Wollenberger et al., 2000). 372 
The three antibiotics assayed in this study alter the growth of the microalgae Tetraselmis 373 
suecica. The IC50 values (96 h) obtained for the three antibiotics are close to the values 374 
reported for other microalgal species in the literature. In this way, De Orte et al. (2013) 375 
found 96 h OTC IC50 values of 1.73 and 6.43 mg L-1 to Phaeodactylum tricornutum and 376 
Isochrysis galbana, respectively. In the study of Lai et al. (2009) the 96 h IC50 of FLO 377 
to I. galbana was 8.00 mg L-1 and the 96 h IC50 of CHL to Tetraselmis chuii was 4.00 378 
mg L-1. These results suggest that microalgae, despite being non-target organisms, are 379 
strongly affected by antibiotics.  380 
Obtained results show that T. suecica is significantly affected by the presence of these 381 
antibiotics in the medium. Therefore, in the case of CHL, a better control or government 382 
regulation and law enforcement should be exercised about its illegal use in aquaculture. 383 
Despite being banned in many countries, its broad spectrum of activity, ready 384 
availability and low cost attracts some producers (Huang et al., 2006). For the OTC, the 385 
IC50 value obtained was higher than for the other two antibiotics, therefore, this 386 
compound seems less harmful for this species than the others tested. FLO is an 387 
antibacterial agent especially developed for veterinary use, being applied even against 388 
bacteria that have developed resistance to other antibacterial drugs and it is less 389 
persistent in the aquatic environment than OTC. In addition, although it is a structural 390 
CHL analogue, FLO has a broader spectrum of activity and has no toxic effects in 391 
humans (Xu et al., 2005); because of this, the use of this drug has increased in recent 392 
years. However, in this study FLO significantly inhibited the growth of the marine 393 
microalgae T. suecica, showing much higher toxicity than the two other antibiotics 394 
assayed. Therefore, the use of this antibiotic should be more carefully monitored to 395 
reduce the potential contamination risk of the receiving waters.  396 
Since cultures were not axenic, alterations observed on growth in the presence of 397 
antibiotics could also be due to the lack of some growth factors or vitamins synthetized 398 
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by associated bacteria, which could be affected. In the case of OTC, the stimulation of 399 
growth at the lowest concentration tested could be explained by a phenomenon of 400 
hormesis. Although the biochemical mechanism by which hormesis works is not well 401 
understood, it is possible that low doses of the drug might activate the repair 402 
mechanisms of the cell.  403 
Except for growth, the remaining parameters were evaluated after 24 h of antibiotic 404 
exposure, when growth was not significantly affected (Fig. 1). 405 
The presence of a proportion of smaller cells in cultures with antibiotics may be 406 
explained by the inhibition of growth detected (Fig. 2). Active cells enlarged before 407 
dividing because of the increase in cellular constituents. But cells exposed to antibiotics 408 
did not increase their volume as fast as the control cultures because they had their 409 
growth inhibited. 410 
Toxic effects of these pollutants on microalgae are generally evaluated using 411 
phytotoxicity tests based on growth inhibition, a population-based parameter. However, 412 
physiological cellular endpoints could allow early detection of cell stress and elucidate 413 
underlying toxicity mechanisms (Prado et al., 2009a). In this regard, the measurement 414 
of cell viability and enzyme inhibition in microalgae are rapid and sensitive indicators 415 
of environmental stress (Blaise and Ménard, 1998). Results obtained with the FDA test 416 
provide additional information to that obtained with the PI test. Although both assay 417 
procedures can distinguish between cells with an intact plasma membrane (viable) and 418 
cells with a damaged membrane (not viable), the FDA assay also includes those cells 419 
with intact plasma membrane, but with altered esterase activity. 420 
Several studies have shown that some toxic agents such as copper or some pesticides 421 
may damage the integrity of microalgal membranes causing a decrease in the percentage 422 
of viable cells (Cid et al., 1996b; Lage et al. 2001; Prado et al., 2009a). Reactive oxygen 423 
species (ROS) generated by these agents have been linked to the origin of the damage to 424 
cell membranes. It has also been found that exposure to low concentrations of these 425 
agents stimulate cell esterase activity since these enzymes are essential for the 426 
replacement of phospholipids in cell membranes (Franklin et al., 2001). However, in 427 
this study, an opposite effect was detected. On one hand, cell viability of the cells of T. 428 
suecica analysed by CMF using PI was not affected by the presence of antibiotics in the 429 
culture medium and on the other hand, the FDA test detected a decrease in metabolic 430 
activity (Fig. 3). This could be explained because chloroplasts and mitochondria have 431 
their origin in primitive bacteria and these organelles may be the target of the antibiotics 432 
in microalgae, so these drugs could alter cell physiological state, but not its integrity or 433 
viability (Ebringer, 1972; Nicolas, 1981; Liu et al., 2012). 434 
Regarding cell chlorophyll a content, a significant decrease was observed in cultures 435 
exposed to antibiotics (Fig. 5). Hendry and Price (1993) reported the loss of chlorophyll 436 
associated with environmental stress. Several studies have shown that some compounds 437 
such as carbamazepine can strongly inhibit the synthesis of chlorophyll (Tsiaka et al., 438 
2013). This inhibitory effect is probably due to the interference of these pollutants with 439 
the chlorophyll synthesis (Zhang et al., 2012). Furthermore, the decrease in the cellular 440 
content of pigments could be caused by the enhancement of oxidative stress-related 441 
effects (Tsiaka et al, 2013), since these are one of the most important causes of 442 
degradation of pigments in plants. 443 
Although the green alga is a non-target organism, the observed toxicity exerted by some 444 
antibiotics could be, at least in part, due to the prokaryote-like elements of chloroplast 445 
metabolism and reproduction, which makes these plastids potential antibiotic targets 446 
(McFadden and Roos, 1999; González–Pleiter et al., 2013). Due to the similarities 447 
between the ribosomal RNA of bacteria and chloroplasts, chloroplast ribosomes are 448 
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sensitive to many antibiotics (Gray, 1992). Proteins of the photosynthetic apparatus are 449 
synthesized in chloroplasts (Mayfield et al., 1995), thus damage to chloroplast 450 
ribosomes would cause harmful effects to photosynthetic organisms, affecting the 451 
chlorophyll synthesis (Liu et al., 2012). In the same way, antibiotics may cause similar 452 
effects on the mitochondria, as some antibiotics such as chloramphenicol, inhibits 453 
mitochondrial protein synthesis in eukaryotic cells (McKee et al., 2006; Yunis, 1989). 454 
Mitochondrial ribosomes are involved in the synthesis of proteins implicated in electron 455 
transport, which is essential for energy metabolism and cellular respiration process, 456 
thererfore the study of these parameters in microalgal cells exposed to antibiotics would 457 
also be interesting. 458 
Changes in chlorophyll fluorescence have been used to study the physiological state of 459 
microalgal cells under several stress factors (González-Barreiro et al., 2004; Chalifour 460 
et al., 2009; Hadjoudja et al., 2009). Although treated cells decreased in size and in 461 
chlorophyll a content, an increase in chlorophyll a fluorescence was detected. The 462 
increase of the autofluorescence could be explained by a blockage of the electron 463 
transport chain at the PS II level (Cid et al., 1995), indicating an inhibitory effect 464 
localised on the oxidant side, probably due to inactivation of some PS II reaction centres 465 
as postulated by Samson and Papovic (1988) in their study of phytotoxicity of heavy 466 
metals and pesticides in the microalga Dunaliella tertiolecta. It has also been reported 467 
by Singh and Singh (1987) and by Murthy et al. (1990) in cells exposed to the action of 468 
copper and mercury, respectively.  469 
Taken into account the obtained results, chloramphenicol, florphenicol and 470 
oxytetracycline provoke adverse effects on the marine microalgae Tetraselmis suecica. 471 
 472 
 473 
5. Conclusions 474 
The three antibiotics tested caused significant alterations on the microalga and the most 475 
affected parameters were those related to photosynthesis and growth. 476 
Before growth was affected, cellular content and autofluorescence of chlorophyll a of 477 
the microalga were altered by the presence of antibiotics in the environment, and this 478 
may adversely affect the photosynthetic rate. This effect could be due to the 479 
cyanobacterial nature of chloroplasts which makes these plastids potential antibiotic 480 
targets. 481 
Flow cytometry provides additional information to the ecotoxicological studies, which 482 
are often based on growth inhibition assays. It can be concluded that cellular 483 
physiological parameters studied by flow cytometry can allow us to detect early 484 
alterations that classical studies of growth inhibition do not detect. 485 
Further studies about the toxicity of the mixtures of antibiotics should be carried out to 486 
detect possible interactions (synergism or antagonism) among these compounds in the 487 
environment. 488 
 489 
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Table and figure captions 686 
 687 
Table 1. Growth rate (µ) of T. suecica cultures after 96 h of exposure to different 688 
concentrations of chloramphenicol (CHL), florphenicol (FLO) and oxytetracycline 689 
(OTC). Values are the mean (three replicates) ± standard deviation. Significant 690 
differences with respect to control at a level of significance of 0.05 (p < 0.05) are 691 
represented by an asterisk (*). 692 
 693 
Figure 1. Growth curves of the cultures of T. suecica in the absence (Ct) and in the 694 
presence of different concentrations (mg L-1) of chloramphenicol (CHL), florphenicol 695 
(FLO) and oxytetracycline (OTC). Values are the mean (three replicates) of number of 696 
cells per mL in each treatment ± standard deviation. 697 
 698 
Figure 2. Relative cell size of T. suecica after 24 hours of exposure to different 699 
concentrations of chloramphenicol (CHL), florphenicol (FLO) and oxytetracycline 700 
(OTC) (mg L-1). Data are given as mean values ± standard deviation of the FS signal. 701 
Significant differences with respect to control at a level of significance of 0.05 (p < 702 
0.05) are represented by an asterisk (*). 703 
 704 
Figure 3. Metabolic activity of T. suecica cells after 24 hours of exposure to different 705 
concentrations of chloramphenicol (CHL), florphenicol (FLO) and oxytetracycline 706 
(OTC) (mg L-1). Data are given as mean values ± standard deviation. Significant 707 
differences with respect to control at a level of significance of 0.05 (p < 0.05) are 708 
represented by an asterisk (*). 709 
 710 
Figure 4. Chlorophyll a autofluorescence expressed as the ratio between the chlorophyll 711 
a fluorescence and the relative cell size of the cultures of T. suecica after 24 hours of 712 
exposure to different concentrations (mg L-1) of chloramphenicol (CHL), florphenicol 713 
(FLO) and oxytetracycline (OTC). Data are given as mean values ± standard deviation. 714 
Significant differences with respect to control at a level of significance of 0.05 (p < 715 
0.05) are represented by an asterisk (*). 716 
 717 
Figure 5. Chlorophyll a content of the cultures of T. suecica after 24 hours of exposure 718 
to different concentrations (mg L-1) of chloramphenicol (CHL), florphenicol (FLO) and 719 
oxytetracycline (OTC). Data are given as mean values ± standard deviation. Significant 720 
differences with respect to control at a level of significance of 0.05 (p < 0.05) are 721 
represented by an asterisk (*). 722 
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Antibiotic 
(mg l-1) 
µ (day-1) 
CHL FLO OTC 
Control 0.68 ± 0.05 0.71 ± 0.03 0.71 ± 0.05 
2.5 0.59 ± 0.04* 0.69 ± 0.02 0.74 ± 0.02 
5 0.53 ± 0.03* 0.57 ± 0.04* 0.69 ± 0.02 
7.5 0.48 ± 0.07* 0.49 ± 0.03* 0.62 ± 0.03* 
10 0.43 ± 0.03* 0.45 ± 0.03* 0.54 ± 0.05* 
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Antibiotics assayed cause adverse effects on the microalgae Tetraselmis suecica. 
 
The most affected parameters were those related to photosythesis and growth. 
 
Based on the IC50 values obtained toxicity can be ranked as FLO > CHL > OTC. 
 
Flow cytometry provides additional and accurate information for this type of studies. 
 
